INTRODUCTION
Tulip bulbs require several weeks of a low temperature period for proper flower bud development. If the bulbs do not experience an appropriate low temperature period, growth inhibition in tulip plants after planting may occur (Le Nard and De Hertogh, 1993) . The shortening of forced cold treatment periods has been shown to lead to a slow flower stalk elongation phenomenon (Le Nard and De Hertogh, 1993) . Because growth of tulip shoots is attributed primarily to the cell expansion after completion of cell division (Gilford and Rees, 1973) , the growth retardation may have been caused by a decrease in the cell expansion rate. If the cell expansion rate is one of the regulating factors in controlling the growth of flower stalks of tulip plants, the water movement surrounding elongating cells should be of interest to researchers. However, mechanisms of growth retardation caused by inadequate low temperature treatments have not previously been studied from the viewpoint of plant-water (Hsiao et al., 1976; Moltz and Boyer, 1978; Boyer, 1987, 1990a) . Hence,
•¬ Eq.(3), known as Lockhart's combined equation, was developed from a theory of cell enlargement (Lockhart, 1965a, b) , and is re-interpreted for tissue growth in the zone of elongation (Boyer, 1985; Nonami and Boyer, 1990a; Ikeda et al., 1999 (Fukazawa and Imagawa, 1981) , was used to make the xylem measurement profiles. Growth measurements. The length of shoots from basal plate to the flower apex and the total length of roots per plant were measured with a digital caliper. To measure local growth rates of leaves and stalk internodes, each tissue was marked with India ink at 5-mm intervals, and the intervals were measured with the caliper initially and after 24 h. Growth rates (GRs) were determined by dividing changes in length (dl) by time intervals (dt) between the local length measurements, and GRs were further divided by the length (l) of the zone of elongation to obtain relative growth rates (RGRs), i.e., RGR=(dl/dt)(1/l).
Similarly, RGRs in roots were calculated from division of slopes of the total root length growth curves by the sum of the length of the elongation zone of roots, which was determined by multiplying the number of monof-ilamentous roots and 5 mm together. It was assumed that the length of the zone of elongation was 5 mm on the average throughout all fibrous root tips since the length of the zone of elongation ranged from 2 to 8 mm when growth of roots was checked with hydroponically grown bulbs. Ten filamentous roots were marked in 1-mm intervals with India ink, cultured hydroponically for 6 h, and the average range of the length of the elongation region was determined.
Water status measurements. Tissues from leaves, internodes and roots were sampled under the green safe light to minimize the effect of transpiration on the water status of plants. Each tissue was excised from the plant and rapidly transferred to a humidity box for further dissection. The water status of each tissue was determined using the isopiestic psychrometers (Boyer, 1995) . The leaf sections (about 1.0 cm2), stalk internode segments (removed from the internode by two transverse slices 5-10 mm apart and a tangential slice to 2-3 mm from the surface) and root tissues (4-6 segments, each 5 to 8 mm long) were placed at the bottom of a psychrometer cup which was coated with melted and resolidified petrolatum (Boyer, 1995) . Additional petrolatum was used at the base of the cup for leaves and stalk internodes, which were placed cut surfaces down, to minimize the exposed cut surface (Westgate and Boyer, 1984; Boyer, 1995) . After water potential was measured, osmotic potential of the tissue was determined in the same tissue immediately after freezing at -80°C and thawing at 25°C (Nonami and Boyer, 1987 Fig  . 3, D-F) . 
DISCUSSION
After planting, although flower stalk growth rates were different, when vascular systems were checked, numbers of vascular bundles and sizes of xylem vessels per stem cross-section were similar among the three cold storage treatments (Table 2 ). Thus, it was confirmed that cell division and tissue differentiation were mostly completed in flower stalks even though growth rates were vastly different among the treatments. Additionally, the length of the zone of elongation in flower stalks was similar among the treatments (Fig. 2) . Therefore, differences in the growth rate seemed to be primarily caused by those in cell elongation rates due to different treatments. 
Therefore, it may be concluded that the growth of tulip tissues was predominantly controlled by properties related to the hydraulic conductance. The wall extensibilities of each tissue were similarly considered to be infinitely large when the sizes of growth-effective turgor were much smaller than those of the growth-induced water potential (Fig. 3, D-F) . Similar findings have been reported in tissue-cultured plants (Ikeda et al., 1999 (Ikeda et al., , 2000 . Additionally, it is most likely that the wall extensibility was not a limiting factor for cell elongation observed in the present study. We thank Toshio Fukuyama for help in growing tulip plants, and Naoko Sugimoto for assistance in the water status measurements in this work.
